Many structures of the mammalian CNS generate propagating waves of electrical activity early in development. These waves are essential to CNS development, mediating a variety of developmental processes, such as axonal outgrowth and pathfinding, synaptogenesis, and the maturation of ion channel and receptor properties. In the mouse cerebral cortex, waves of activity occur between embryonic day 18 and postnatal day 8 and originate in pacemaker circuits in the septal nucleus and the piriform cortex. Here we show that genetic knock-out of the major synthetic enzyme for GABA, GAD67, selectively eliminates the picrotoxin-sensitive fraction of these waves. The waves that remain in the GAD67 knock-out have a much higher probability of propagating into the dorsal neocortex, as do the picrotoxin-resistant fraction of waves in controls. Field potential recordings at the point of wave initiation reveal different electrical signatures for GABAergic and glutamatergic waves. These data indicate that: (1) there are separate GABAergic and glutamatergic pacemaker circuits within the piriform cortex, each of which can initiate waves of activity; (2) the glutamatergic pacemaker initiates waves that preferentially propagate into the neocortex; and (3) the initial appearance of the glutamatergic pacemaker does not require preceding GABAergic waves. In the absence of GAD67, the electrical activity underlying glutamatergic waves shows greatly increased tendency to burst, indicating that GABAergic inputs inhibit the glutamatergic pacemaker, even at stages when GABAergic pacemaker circuitry can itself initiate waves.
Introduction
Waves of spontaneous electrical activity and associated increases in cellular calcium levels propagate across many structures of the mammalian CNS during early development and are necessary for developmental processes including neuronal differentiation and the refinement of synaptic connections (Moody and Bosma, 2005; Blankenship and Feller, 2010) . In many cases, these waves are initiated by specific pacemaker circuits that, depending on the structure, are composed of GABAergic, glutamatergic, serotonergic, or cholinergic neurons (Wong et al., 2000; Hunt et al., 2006; Zheng et al., 2006; Lischalk et al., 2009; Conhaim et al., 2011) . In any given structure, complex interactions among the component pacemaker circuits make it difficult to unravel the contributions of each transmitter system to wave initiation. For example, the identity of the initiating circuit may change during development, and homeostatic mechanisms may upregulate one component of the pacemaker when another is blocked (Chub and O'Donovan, 1998; Wong et al., 2000; Conhaim et al., 2011) .
In the mouse cerebral cortex, spontaneous waves occur in the early postnatal period and are initiated by pacemaker circuits within the piriform cortex and septal nucleus (Garaschuk et al., 2000; Corlew et al., 2004; Conhaim et al., 2010) . These waves are sensitive to blockers of GABA A and AMPA receptors, but the exact roles of these two transmitter systems in wave initiation remain unresolved (Conhaim et al., 2011) . Because many activity-dependent developmental processes rely on information contained in wave frequencies and propagation patterns, understanding the mechanisms that initiate waves and regulate these parameters is critical.
In this study, we eliminate GABAergic transmission by knockout (KO) of the 67 kDA glutamic acid decarboxylase enzyme (GAD67), which accounts for Ն90% of the brain's production of GABA (Asada et al., 1997; Tamamaki et al., 2003) . From analysis of wave activity in brain slices from KO and control animals recorded with calcium imaging and microfluidic-based extracellular arrays, we provide evidence that two semi-independent initiation circuits drive spontaneous waves in the developing cortex. One of these pacemakers uses GABA excitation, resides in the septal nucleus and the piriform cortex, and initiates waves that have a low probability of propagating into the neocortex. The other pacemaker uses glutamatergic circuitry, resides primarily in the piriform cortex, and preferentially initiates waves that invade the neocortex. The selective developmental sparing of the glutamatergic pacemaker in the chronic absence of the GABAergic system indicates that the emergence of the glutamatergic pacemaker does not require GABAergic waves and that glutamatergic waves do not increase their frequency to compensate for the absence of the GABAergic waves.
The structures that contain these two pacemakers (the septal nucleus and the piriform cortex) develop earlier than the neocortex and have extensive connections with it. The existence of two wave initiation systems within these structures may allow spontaneous waves of activity to enter the neocortex before it is developmentally mature enough to initiate them. The sequential participation of both GABAergic and glutamatergic neurons in wave initiation may provide timing cues for the coordinated maturation of the inhibitory and excitatory circuitry of the cortex.
Materials and Methods
Animal procedures. Time-mated females carrying E17 fetuses were killed with carbon dioxide, and the fetuses were removed and placed on ice. Brains were removed from the fetuses and sliced 300 m thick in ice-cold ACSF using a Leica VT1200S vibrating microtome. All animal procedures were approved by the Institutional Animal Care and Use Committee at the University of Washington.
Generation of GAD67 KO mice. We used a GAD67-GFP knock-in line (Tamamaki et al., 2003) as the basis for eliminating GAD67 genetically. GAD67-GFP homozygous KO embryos (GAD67 KO) were obtained by crossing males and females both heterozygous for GAD67-GFP. Homozygous embryos were identified by first visually identifying embryos with GFP expression and then selecting the subset of those embryos that also expressed cleft palate, a marker for GAD67 KO (Asada et al., 1997) . The classification of embryos was confirmed by PCR. GAD67-GFP heterozygotes were used as controls and were obtained by crossing CD1-WT females with GAD67-GFP heterozygous male breeders. GAD67-GFP heterozygous embryos were identified by GFP expression.
Slice cultures. Coronal slices were taken from E17 fetuses at a position anterior to the hippocampus and posterior to the olfactory bulbs, where the lateral ventricles were clearly visible. Slices were interface-cultured on Millicell 0.4 m, 30 mm culture inserts (Millipore) in medium composed of 75% sterile Neurobasal-A Medium (1ϫ) (Invitrogen), 25% horse serum (Sigma), penicillin (100 IU/ml), streptomycin (0.1 mg/ml), and 2 mM L-glutamine (HyClone Laboratories). Although penicillin is a known epileptogenic agent in slices, the concentrations used in that context are 3-to 20-fold higher than in our culture medium (Schneiderman, 1986) . In addition, we find similar activity in acute slices that have never been exposed to penicillin. Slices were cultured for 2-5 d and then removed from the incubator and placed into ACSF for physiological re- Local and propagating spontaneous waves in mouse cortex. A, Rhod 3 fluorescence image of a coronal slice of mouse brain at P0. ROIs are indicated in the septal nucleus (blue), the piriform cortex (purple), and the neocortex (green). B, Calcium records of mean fluorescence (⌬F/F0) in each ROI showing both local and propagating waves. Propagating waves are indicated by arrows and can be distinguished from local waves by the presence of signal in the neocortex. y-axis tick marks indicate 10% ⌬F/F0. C, Montage of images taken during a local wave. This wave initiates in the septal nucleus and enters the piriform cortex but does not propagate dorsally into the neocortex. Structures labeled in the first frame: NCx, Neocortex; RF, rhinal fissure; PCx, piriform cortex; Se, septal nuclei. D, Montage of images taken during a wave that propagates into the neocortex and, in this case, crosses the midline into the contralateral neocortex. C, D, Images were created by thresholding the calcium signal, applying to it a color map, and then superimposing the colored ⌬F/F0 signal onto a grayscale image showing GFP distribution in the slice. See Materials and Methods.
cordings. Thus, when we refer in this paper to experiments conducted at P0, we reference slices that are E17 ϩ 2 DIV. Our previous work has shown that these cultured slices show normal development of ion channel properties and spontaneous activity compared with acute slices (Picken-Bahrey et al., 2003; McCabe et al., 2006 McCabe et al., , 2007 . In addition, during this period in culture, GFP-labeled interneurons migrate into the dorsal neocortex at approximately the same rate as in vivo (unpublished data). Because the GAD67 KO mutation used in this study is neonatal lethal (because cleft palate prevents suckling), using cultured slices is the only way we can study the effects of this mutation on spontaneous waves at postnatal stages.
Solutions. ACSF contained (mM) the following: 140 NaCl, 3 KCl, 2 MgCl 2 , 2 CaCl 2 , 1.25 NaHPO 4 , 26.5 NaHCO 3 , and 20 D-glucose. Picrotoxin and CNQX (Tocris Bioscience) were used at 10 and 25 M, respectively, in ACSF.
Calcium imaging. Cultured brain slices were removed from the incubator and held in oxygenated ACSF at 28°C for 1-2 h. Slices were then immersed in oxygenated ACSF containing the [Ca 2ϩ ] i -indicating dye Rhod3 (30 M) and 0.07% Pluronic F-127 (Invitrogen) for 45-50 min, rinsed, and placed into a glass-bottomed experimental chamber. Rhod3 was used to avoid wavelength overlap with the GFP signal in GABAergic neurons. Oxygenated ACSF (31°C-33°C) was superfused continuously during experiments. Fluorescence images were captured at 1 Hz with either a QuantEM512SC camera (Photometrics) mounted on a Nikon AZ100 microscope, or an OrcaFlash 2.1 camera mounted on an Olympus MVX10 inverted microscope. For experiments where imaging was conducted simultaneously with electrical recordings, an OrcaFlash 2.1 camera was used on an inverted Olympus IX71 inverted microscope. Images were recorded using NIS Elements AR software (Nikon).
Extracellular field potential recordings. Electrical recordings were performed using custom 12-channel, transparent polydimethylsiloxane microfluidic multielectrode arrays (Scott et al., 2013) . The microfluidic multielectrode array consists of an array of 12 recording apertures, each 50 m in diameter, connected to ACSF-filled microfluidic channels leading to Ag/AgCl electrodes that are connected to differential amplifiers (AM Systems; Model 1700). An Ag/AgCl electrode inserted in the bath downstream of the slice serves as a reference electrode. Extracellular electrical signals are digitized (Axon; Digidata 1440) and recorded using pCLAMP 10 software (Molecular Devices) in continuous mode at an acquisition frequency of 10 kHz. In some experiments, we took advantage of the optical transparency of these arrays to perform simultaneous extracellular recording and calcium imaging of wave propagation.
Data analysis. For imaging experiments, Rhod3 fluorescence images of entire brain slices were captured at 1 Hz. Analysis of these image stacks was performed using custom MATLAB (MathWorks) routines. To create summary plots, such as those shown in Figure 2D , ROIs were placed Figure 2 . Sensitivity of waves in heterozygote control slices to picrotoxin and CNQX. A-C, Mean wave frequencies in control, picrotoxin, and CNQX measured in the septal nucleus (A), piriform cortex (B), and neocortex (C). Activity in all regions is sensitive to both drugs, but activity in the neocortex is much more sensitive to CNQX than to picrotoxin, suggesting that waves initiated by glutamatergic circuitry are more likely to propagate dorsally than those initiated GABAergically. D, E, Sample fluorescence records in the three regions showing effects of picrotoxin and CNQX. y-axis tick marks indicate 10% ⌬F/F0. over the septal nucleus, the piriform cortex, and the neocortex and mean (⌬F/F0) signals calculated for each ROI over the entire time course of the image stack. Events were threshold detected at 3 SDs above mean baseline, and frequency of events tabulated for each ROI. To create pseudocolored images of spontaneous waves (see Fig. 1C ,D and Movies 1 and 2), fluorescence images were converted to ⌬F/F0 images by subtracting an initial image of Rhod3 fluorescence from each subsequent image in the time series and then dividing each image by the same initial image. The ⌬F/F0 record was then thresholded (by zeroing pixel values below a criteria of 3-5% ⌬F/F), pseudocolored, and superimposed onto grayscale images of the slice. For each frame, the pixels of the slice image were blanked under the fluorescence signal to preserve the magnitude of the ⌬F/F0 signal for the events. These images allowed wave propagation to be correlated with slice anatomy. For electrical experiments, custom MATLAB routines were used to detect and analyze local field potentials (LFPs) and to record their times of occurrence. An 80 Hz lowpass filter was applied to LFP data, and then the signal amplitude was determined by finding the difference between the maximum and minimum signal during the event. The duration of each event was defined as the time over which the amplitude of the signal was Ͼ20 times the SD of the noise floor. The power was calculated by integrating the power spectral density of the signal from zero to 80 Hz. Properties of the LFP were first averaged over the five dorsal-or ventral-most recording apertures for each wave, depending on which region was being examined. N values reflect the number of such averages that were included in the analysis.
Results

Calcium imaging reveals two forms of activity in coronal slices of mouse forebrain
In previous experiments, we showed, that throughout the period of their occurrence (E18-P8), spontaneous waves of activity in the mouse cortex initiated either in the septal nucleus of the thalamus or in the piriform cortex (Conhaim et al., 2010) . From those initiation points, waves either propagated to the rhinal fissure and stopped ("local waves") or crossed the rhinal fissure into the neocortex ("propagating waves") (for locations of these structures in the coronal slices, see Fig. 1C ). The fraction of propagating waves increased steadily during development, paralleled by an increase in the sensitivity of waves to the glutamate AMPA receptor blocker CNQX, and a decrease in their sensitivity to the GABA A receptor blocker picrotoxin (Conhaim et al., 2011) . These data suggested the hypothesis that local waves at early stages were initiated by a GABAergic pacemaker, whereas propagating waves at later stages were initiated by a glutamatergic pacemaker but did not prove that there were two separate pacemakers. In the present experiments, we eliminated GABAergic transmission genetically by knocking out the major synthetic enzyme for GABA, GAD67, to test the two-pacemaker hypothesis. We used slices from CD1 mice heterozygous for the GAD67 mutation (GAD67 ϩ/Ϫ ) as controls because the KO of GAD67 is achieved by GFP knock-in and we wanted to maintain constant imaging conditions between control and experimental groups. Activity was imaged with the calcium indicator dye Rhod 3 to avoid overlap of standard green calcium indicator dyes with GFP expression.
To confirm that spontaneous wave activity was similar in the CD1 genetic background to that recorded in our previous experiments in Swiss-Webster mice, we measured waves in E17 ϩ 2-3 DIV (P0-P1) GAD67 ϩ/Ϫ slices by drawing ROIs in three areas: the septum, piriform cortex, and neocortex ( Fig. 1 A, C) . In the 46 hemispheres that were imaged, waves in heterozygous animals resembled those recorded in previous experiments from SwissWebster wild-type animals (Conhaim et al., 2011), with the highest frequencies of activity observed in the septum and piriform cortex (3.37 Ϯ 0.30 and 1.87 Ϯ 0.14 events per minute, respectively; mean Ϯ SEM) and lower frequencies observed in the neocortex (0.39 Ϯ 0.04 events per minute). Examples of waves recorded in the three regions and a montage of local and propagating waves are shown in Figure 1B -D.
To test for GABA and glutamate involvement in generating wave activity, we applied picrotoxin and CNQX, respectively, to control slices. Both drugs reduced wave frequency substantially in the septum and piriform cortex, the two putative pacemaker regions (Fig. 2 A, B) . In agreement with previous results on SwissWebster mice, CNQX exerted a much more powerful block of fully propagating waves (96.7 Ϯ 3.3%; p ϭ 0.001) than did picrotoxin (64.6 Ϯ 7.6%; p ϭ 0.01), as measured by its effect on neocortical activity (Fig. 2C) . The difference between the block exerted by the two drugs was significant ( p ϭ 0.003). Figure 2 D, E shows records of the effects of picrotoxin and CNQX on waves in the septum, piriform cortex, and neocortex. The combination of the two drugs eliminated all waves in all slices. These data indicate that both GABAergic and glutamatergic neurons are involved in initiating spontaneous waves and that glutamatergic Figure 3 . Effects of GAD67 KO on wave frequency and propagation. Wave frequencies in heterozygote control slices and GAD67 KO slices in septum, piriform cortex, and neocortex. The effects of GAD67 KO are similar to the effects of picrotoxin, showing substantial block of activity in septum and piriform cortex, but minimal effect in the neocortex. Movie 1. Preferential block of local waves by GAD 67 KO. Films of activity in a heterozygote control and GAD67 KO slice. The control slice shows both local and propagating waves, whereas the KO slice shows only fully propagating waves. Both slices are taken from the same rostralcaudal level. Fluorescence scale is ⌬F/F0. transmission is preferentially involved in propagation of waves into the dorsal neocortex.
Genetic KO of GAD67 eliminates GABAergic waves but spares glutamatergic waves
We next tested the hypothesis that separate GABAergic and glutamatergic pacemaker circuits exist in the septum and piriform cortex, each capable of generating waves. To do this, we compared wave properties in slices from KO mice homozygous for the GAD67 mutation (GAD67 KO) to wave properties in control slices (GAD67 ϩ/Ϫ ). We predicted that waves in KO slices would show a reduction in the frequency of activity in the septal and piriform regions compared with controls, similar to the reduction seen when control slices were treated with picrotoxin. That is, GAD67 KO should eliminate the picrotoxin-sensitive fraction of waves. Additionally, we predicted that in KO slices the frequency of dorsally propagating waves would be minimally reduced versus controls, given their relatively lesser sensitivity to picrotoxin than to CNQX (Fig. 2C) .
The data in Figure 3 show that these predictions were correct. Wave frequencies in the septum and piriform regions were reduced in GAD67 KO slices by amounts not significantly different from those observed in control slices when picrotoxin was applied (Fig. 2) . Waves in the septum were reduced in the GAD67 KO by 88.6 Ϯ 10.6% compared with 81.6 Ϯ 2.0% by picrotoxin ( p ϭ 0.33, GAD67 KO vs picrotoxin). In the piriform region, waves were reduced in the GAD67 KO by 62.2 Ϯ 13.2% compared with 79.3 Ϯ 3% by picrotoxin ( p ϭ 0.22). The frequency of fully propagating waves, as measured in the neocortex, was affected somewhat less by GAD67 KO, with only a 26.9 Ϯ 3.2% reduction in activity versus the 59.6 Ϯ 6.6% reduction seen in picrotoxin experiments ( p ϭ 0.004). This difference might reflect a contribution of GABA synthetic pathways not dependent on GAD67 in the neocortex at these stages, the block of GABA action on GABA B receptors by GAD67 KO but not picrotoxin, or actions of picrotoxin not related to GABA A receptor block. Movie 1 shows waves in control and KO slices, illustrating the preferential sparing of fully propagating waves in KO slices.
These data indicate that two separate wave-initiating circuits exist in the septum and piriform cortex, each of which can initiate waves without the direct participation of the other and that the glutamatergic circuit preferentially initiates waves that propagate across the rhinal fissure into the neocortex.
If this conclusion is correct and GAD67 KO selectively eliminates GABAergic waves, then the waves remaining in the GAD67 KO slices should be completely blocked by CNQX and show minimal sensitivity to picrotoxin. The data in Figure 4 show that this is the case. Picrotoxin had no significant effect on wave frequency in the septal and piriform regions ( p ϭ 0.26 and p ϭ 0.86 for septum and piriform data, respectively; n ϭ 16 for both), whereas CNQX blocked septal activity by 94.4 Ϯ 3.7%, piriform activity by 97.6 Ϯ 1.8%, and neocortical activity by 95 Ϯ 2.3% ( Fig. 4A-E ; mean Ϯ SEM; n ϭ 12 and p Ͻ 0.001 for all). Picrotoxin did reduce the frequency of fully propagating waves (Fig.  4C ) somewhat (by 39 Ϯ 9% of control; mean Ϯ SEM, n ϭ 16; p ϭ 0.001), suggesting that in the neocortex there might be residual GABA signaling via production of GABA from the 65 kDA GAD isoform. Figure 4D , E shows records of wave activity in the three regions in GAD67 KO slices exposed to picrotoxin and CNQX.
The development of glutamatergic waves does not require GABAergic activity
At the earliest stages of wave occurrence (E17-E18), waves are almost exclusively GABAergic (Conhaim et al., 2011) . The fact that the glutamatergic pacemaker appears later but in the same piriform location as the GABAergic activity suggests the hypothesis that the glutamatergic pacemaker develops as a result of preceding GABAergic wave activity. This could occur, for example, if GABA-driven synchronous activity in piriform glutamatergic neurons strengthened synthases within the glutamatergic circuitry using coincidence-detection mechanisms (Kasyanov et al., 2004; Voigt et al., 2005) . Chronic elimination of GABAergic waves with GAD67 KO leaves intact a frequency of glutamatergic waves that is similar to what is observed in control slices treated acutely with picrotoxin (compare Figs. 2 and 3) , arguing against an absolute dependence of the appearance of the glutamatergic pacemaker on preceding GABAergic waves. . Elimination of picrotoxin sensitivity in GAD67 KO slices. A-C, Mean wave frequencies in control, picrotoxin, and CNQX measured in the septal nucleus (A), piriform cortex (B), and neocortex (C) of GAD67 KO slices. In contrast to control slices (Fig. 2) , activity in KO slices shows minimal picrotoxin sensitivity, and is completely blocked by CNQX. The small degree of block of neocortical activity by picrotoxin may reflect a synthetic pathway for GABA in that region that does not depend on GAD67. D, E, Sample records showing lack of picrotoxin sensitivity and block by CNQX of waves in GAD67 KO slices. y-axis tick marks are 10% ⌬F/F0.
These data also indicate that there is little compensatory increase in the output of the glutamatergic pacemaker as a result of the absence of GABAergic waves, as might be predicted from similar homeostatic changes in circuitry mediating other forms of spontaneous activity in the developing CNS (Chub and O'Donovan, 1998) . That is, in a developmental context, the two pacemakers appear to operate independently of one another.
Different electrical signatures of the two pacemakers
If there are two semi-independent pacemaker circuits within the piriform cortex, then GABAergic and glutamatergic waves might show different electrophysiological signatures at the site of initiation. To test this hypothesis, we made multisite LFP recordings using a newly developed microfluidic recording array (Scott et al., 2013) . This array uses 50 m fluid-filled recording apertures fabricated into a polydimethylsiloxane substrate, 3D printed onto a glass coverslip, and placed in an arc along the ventral-dorsal path of wave propagation. The apertures are connected via larger fluid-filled channels to remote electrical contacts, resulting in an optically transparent recording array that permits simultaneous calcium imaging to confirm the correspondence of the electrical and calcium signatures of the waves. LFPs show close correlation with calcium waves detected optically (Fig. 5) , and the ventral-dorsal propagation direction seen in imaging experiments is reflected in the progressive delay in the field potential onset at more dorsal recording apertures (Movie 2). Movie 2 illustrates simultaneous electrical and optical recording of waves from a coronal slice using this array.
To test the hypothesis that GABAergic and glutamatergic pacemakers could be distinguished by their electrical signals at the site of wave initiation, we recorded 218 local and 132 propagating waves from seven control slices and sorted the LFPs at the ventral, piriform wave initiation site into those that initiated local versus propagating waves. Analysis of these signals showed that, on average, LFPs at the site of wave initiation were longer in duration and larger in amplitude for propagating waves than for local waves (duration: 343 Ϯ 17 ms vs 170 Ϯ 9.7 ms; p ϭ 6.13E-17; amplitude: 32.78 Ϯ 1.76 V vs 13.70 Ϯ 0.79 V, p ϭ 9E-19) (Fig. 6A-C) . A scatter plot of LFP duration versus amplitude for all slices (Fig. 6D) shows that, even with between-slice variability in overall event amplitudes and durations, local versus propagating waves can be distinguished with reasonable accuracy from the properties of their field potentials at the point of origin in the piriform cortex. For example, for the data in Figure 6D , 70% of LFPs (red symbols) were Ͻ8 V in amplitude or Ͻ0.15 s in duration, whereas 87% of propagating wave LFPs fell outside of these ranges (dashed lines). Within single slices, the accuracy in predicting whether a wave propagates or not based on piriform LFP amplitude and duration was even higher. For the slice shown in Figure 6E , a simple amplitude criterion of 51 V predicted 100% of propagating waves (red symbols) and 94% of local waves. These results are consistent with the idea that two different initiation circuits exist within the pacemaker region for local and propagating waves and that the glutamatergic network in the piriform cortex must be recruited into waves in order for them to propagate into the neocortex.
Interactions between GABAergic and glutamatergic initiation circuits
We next asked whether the GABAergic and glutamatergic circuits involved in wave initiation interacted with each other during wave propagation. The ability of GABA at these stages to initiate wave events ventrally indicates that GABA is excitatory, in the sense that V Cl is positive to threshold and GABA can excite quiescent neurons (Owens et al., 1996) . However the shunting effect of GABA A channels and the fact that V GABA is negative to V Glutamate raise the possibility that GABAergic action might also inhibit glutamatergic waves.
First, we asked whether dorsal LFPs during glutamatergic waves were different in control and GAD67 KO slices. GAD67 KO increased the peak amplitude of the dorsally recorded LFP during glutamatergic waves (control: 32.32 Ϯ 1.83 V, n ϭ 136 waves in 5 slices; KO: 41.4 Ϯ 1.1 V, n ϭ 220 waves in 5 slices; p ϭ 0.038) (Fig. 7A) . GAD67 KO also caused the appearance of a pronounced 35 Hz oscillation at the end of the LFP, seen as a modest increase in signal duration (control: 510 Ϯ 16 ms; KO: 553 Ϯ 12 ms; p ϭ 2.65E-05; same n values as amplitude) and a large increase the total power of the signal (control: 3.67 Ϯ 0.32 V 2 ; KO: 6.72 Ϯ 0.42 V 2 ; p ϭ 2.15E-08) (Fig. 7B-D) . Exposure of control slices to picrotoxin also caused the appearance of an ϳ35 Hz oscillation in the latter phase of the LFP (Fig.  7D) , which resulted in a significant increase in total power (7.57 Ϯ 1.15 V 2 , n ϭ 186 waves in 4 slices; p ϭ 0.001 vs control, 0.49 vs KO) (Fig. 7C) . The changes in amplitude and duration of the LFP caused by picrotoxin appeared to be in the same direction as those caused by GAD67 KO but were not statistically significant. The increase in power is the result of the introduction of the 35 Hz oscillation onto the later half of the LFP, which causes the LFP to approach its maximum amplitude for a greater proportion of its duration, rather than having a single spike at the beginning of the LFP that sets peak amplitude, as seen in control traces. These data suggest that GABAergic transmission inhibits glutamatergic waves in the neocortex, possibly by a combination of reducing the number of neurons participating in the waves and reducing the number of action potentials generated by each neuron during a wave.
We next asked whether the initiation of glutamatergic waves in the piriform pacemaker was affected by the absence of GABAergic transmission. We showed above a close correspondence between LFPs recorded with our microfluidic array and waves recorded by calcium imaging. In GAD67 KO slices, however, the electrical burst structure underlying wave initiation in the piriform cortex is more complex than in controls. In KO slices, an LFP recorded in the piriform initiator region would often be followed very closely by other LFPs (Fig. 8A) , with event intervals that were sometimes faster than the 1 Hz acquisition rate used for calcium imaging experiments. Thus, in the KO, a single event recorded with calcium imaging techniques might actually be composed of multiple electrical field potentials. In a few cases where electrical and imaging recordings were conducted simultaneously and images were acquired at 2 Hz, closely spaced LFPs were picked up in the calcium imaging record as a calcium transient with multiple peaks (data not shown). The same effect was seen in control slices exposed to picrotoxin (data not shown). To confirm increased tendency of field potentials underlying waves in the GAD67 KO slices to burst, we constructed cumulative probability plots of the intervals between LFPs for the piriform region in control, GAD67 KO, and control ϩ picrotoxin slices (Fig. 8B) . In control slices, this plot shows a single sigmoidal distribution with a mean interval reflecting the mean wave frequency of ϳ2 events per minute recorded in imaging experiments (Fig. 3) . In contrast, LFP intervals in the GAD67 KO slices showed a bimodal distribution reflecting the addition of a second population of short intervals corresponding to high-frequency bursts. For example, in the GAD67 KO slices, ϳ50% of intervals were less than the 1 s interval used for image acquisition in calcium imaging experiments, whereas in control slices Ͻ2% fell into this category. Treatment of control slices with picrotoxin produced a similar change in the cumulative probability plots (Fig. 8B) . These results indicate that, in the absence of GABAergic transmission, the glutamatergic pacemaker is more active electrically and operates in bursts of activity rather than single events.
Thus, GABAergic neurons in both piriform and neocortical regions exert an inhibitory influence on the glutamatergic wave activity. This raises an interesting paradox because the GABAergic pacemaker initiates waves at these stages, indicating that GABAergic transmission is excitatory. One possibility to explain these data is that GABAergic waves reflect excitation only within the GABAergic neuronal population, whereas GABAergic inputs to glutamatergic neurons might be inhibitory, reflecting a lower intracellular chloride concentration in the glutamatergic neurons. We tested whether the GABAergic pacemaker could excite glutamatergic neurons by asking whether glutamatergic neurons are recruited into waves initiated GABAergically. To do this, we measured calcium transient amplitudes in the piriform cortex during waves before and after treatment with CNQX under conditions where CNQX had no effect on wave frequency (i.e., where wave initiation was driven entirely by the GABAergic pacemaker). Under these conditions, CNQX caused a substantial reduction in the amplitude of calcium transients (from 9.57 Ϯ 2.59 to 5.73 Ϯ 1.54% ⌬F/F0, p ϭ 0.017), indicating that the GABAergic pacemaker that initiated the waves recruited glutamatergic neurons to participate in the waves. Thus, at stages when GABAergic neurons initiate waves and excite glutamatergic neurons, they also inhibit glutamatergic network activity. Possible mechanisms underlying this apparently dual action of the GABAergic pacemaker circuit are discussed below.
Discussion
Waves of spontaneous electrical activity propagate across the mouse cerebral cortex early in development. These waves are initiated in the septum or piriform cortex and may or may not propagate across the rhinal fissure to invade the neocortex. Waves are sensitive to blockers of GABA A and AMPA receptors, indicating that both transmitters are involved in wave initiation (Conhaim et al., 2011) . It was not clear, however, from past experiments whether one pacemaker circuit exists with a neurotransmitter dependency that changes from GABAergic to glutamatergic, or whether there are two separate pacemaker circuits, each individually capable of wave initiation, that are expressed sequentially in development. In this paper, we used genetic elimination of GAD67, the primary enzyme for GABA synthesis at these stages, to test the hypothesis that there are two semiindependent pacemakers that initiate these waves: one GABAergic and the other glutamatergic.
In slices from GAD67 KO cortex, wave frequency was reduced by an amount predicted from the picrotoxin-sensitive fraction of waves in control slices, and wave sensitivity to picrotoxin was eliminated. These data argue that there are two separate pacemakers driving cortical waves. Waves in GAD67 KO slices also showed a much stronger tendency to propagate dorsally into the neocortex, confirming our previous conclusion (Conhaim et al., 2011) that the GABAergic pacemaker preferentially triggers waves that remain localized to the piriform cortex, whereas the glutamatergic pacemaker preferentially triggers fully propagating waves.
Our model of wave-initiating circuits in the piriform cortex and their interactions with follower neurons in both the piriform cortex and neocortex is shown in Figure 9 . The top row represents generation of a GABAergic wave in a control slice. The GABA pacemaker fires (Frame 1: yellow triangle; asterisk). This recruits both GABAergic and glutamatergic follower cells in the piriform cortex (Frame 2: open triangle and circle). Because these waves rarely propagate across the rhinal fissure, we propose that the neurons recruited by the GABAergic pacemaker do not excite glutamatergic circuitry that spans the rhinal fissure (yellow ellipse). This wave propagates to the rhinal fissure (Frame 3) but does not cross it (Frame 4). The second row shows generation of a glutamatergic wave in a control slice. The glutamatergic pacemaker fires (yellow circle; asterisk) but, because it is normally inhibited by GABAergic neurons in the piriform cortex (yellow open triangle, red bar), it fires only a single LFP (inset, Frame 1). This recruits glutamatergic circuitry both locally in the piriform cortex (yellow circle) (Frame 2) and at the rhinal fissure (yellow ellipse), allowing these waves to reach the rhinal fissure (Frame 3) Figure 8 . Interaction between GABAergic and glutamatergic pacemakers in the piriform cortex. A, GAD67 KO induces bursting of LFPs in the piriform cortex underlying single glutamatergic waves. LFP recordings corresponding to single waves are shown for control (top) and GAD67 KO slices (bottom). B, Cumulative probability plots of LFP intervals in control, GAD67 KO, and control ϩ picrotoxin slices. Control slices show a single distribution of interevent intervals, whereas both GAD67 KO and picrotoxin slices show the appearance of a second, short-interval population corresponding to rapid bursts of events that give rise to single waves as detected by calcium imaging.
piriform cortex during the waves by CNQX. The glutamatergic waves are inhibited by GABAergic neurons, as indicated by the effect of the GAD67 KO on LFP waveform in the neocortex, and by the increase in LFP bursts associated with waves in the GAD67 KO. How can GABA be simultaneously excitatory and inhibitory to the glutamatergic circuitry? One possibility is that the population of glutamatergic neurons is not uniform. Less mature neurons, presumably with higher levels of intracellular chloride, might be the population that is recruited into waves by the GABAergic pacemaker because GABA is more excitatory to those cells. More mature neurons, with lower intracellular chloride levels, might form the core of the network generating oscillations in the neocortex and be more inhibited by GABAergic inputs. But there are other possible explanations. Even at stages when GABA is most excitatory, measured GABA reversal potentials, although positive to threshold, are still negative to the AMPA receptor reversal potential (Owens et al., 1996) . In this situation, GABA would be excitatory to quiescent cells but inhibitory to events driven by glutamatergic inputs. Independent of reversal potential considerations, the shunting caused by opening of GABA A chloride channels would also decrease glutamatergic excitation, not only by reducing input resistance, but also by reducing length and time constants. Thus, defining whether the output of GABAergic circuitry in the piriform cortex is excitatory or inhibitory depends on knowing the state of activity of glutamatergic circuits at that instant in time. When the glutamatergic pacemaker is operating at low frequency, the dominant effect of GABA action on glutamatergic neurons will be excitatory, recruiting them into waves. When the glutamatergic pacemaker is operating at higher frequencies, GABA will tend to inhibit those neurons, reducing the participationofglutamatergicneuronsinwaveactivity.Frequencydependent transient changes in intracellular chloride concentration may also contribute to these effects. Eventually, by approximately P10, GABA becomes inhibitory in all contexts, and this transition terminates waves entirely, allowing asynchronous circuit activity to emerge in the cortex.
